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Electromagnetic transition amplitude
for Roper resonance from holographic QCD
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The Roper resonance, the first excited state of the nucleon, is one of the best established baryon
resonances. Yet, its properties have not been consistently explained by effective models of QCD, such as
the nonrelativistic quark model. In this paper, we propose an alternative approach in the Sakai-Sugimoto
model that is one of the holographic models of QCD. In particular, we analyze the helicity amplitude of the
electromagnetic transitions at the leading of 't Hooft coupling 1/4. The model incorporates baryon
structure at short distance by nonlinear mesons surrounded by meson clouds at long distance. We
demonstrate that the recently observed data by CLAS are explained in the present approach.
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In this paper, dynamic properties of nucleons are dis-
cussed in the holographic model of QCD. So far, static
properties have been investigated by this model, and its
success has been shown [1-3] On the other hand, it is also
essential to elucidate the dynamical properties of resonan-
ces and their interactions. In this study, as a milestone of the
new development of the study of dynamical properties in
the holographic model of QCD, the properties of the Roper
resonance, the most difficult and intriguing state to under-
stand, are investigated. This method can be extended to
various nucleon resonances, and further developments are
expected in the future (In fact, we have recently succeeded
in reproducing the decay width of one pion emission of
negative parity excitation N*(1535) using the Sakai-
Sugimoto model [4].).

The Roper resonance N*(1440) is the first excited state
of the nucleon with spin-parity J* = 1/2%. Despite the
known spin and parity quantum numbers, its properties
have not been explained consistently by the standard model
of hadrons, that is the nonrelativistic quark model. Since it
was first suggested by L.D. Roper in the 1960s [5], its
mass, smaller than the negative parity state N*(1535), has
long been a puzzle because the quark model predicts the
mass of the Roper resonance larger than that of N*(1535).
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Turning to the electromagnetic interaction, the photo-
and electroproduction experiments revealed a further diffi-
culty of the nonrelativistic quark model [6,7]. In particular,
the transverse helicity amplitude A/, of the Roper reso-
nance at the real photon point cannot be reproduced; A/,
value of the quark model is significantly smaller than the
experimental ones even with the wrong sign. A problem is
also in the strong interaction process [8]; the experimen-
tally observed large decay width of the one pion emission
cannot be explained. Generally, transition amplitudes of
various resonances are not easily explained by the non-
relativistic quark model.

It was pointed out that relativistic effects of the confined
quarks at short distance and pion cloud effects at long
distance are important to improve the above mentioned
problems; the mass ordering, the electromagnetic and
strong interaction transitions [9-12]. For instance, the
reason for the failure of the electromagnetic and strong
transitions in the nonrelativistic quark model is that the
leading terms are suppressed due to the orthogonality of the
wave functions of the nucleon and the Roper resonance in
the long wave length limit ¢ — 0, where ¢ is the momen-
tum carried either by the photon or the pion.

In this paper, we propose an alternative but viable
approach based on the holographic model for baryons that
is the Sakai-Sugimoto model. The model supports instan-
tons for baryons in the four-dimensional space with an extra
dimension [13,14], which is known to be reduced to the
Skyrme model [15]. In this picture, the pion cloud effect is
naturally accommodated at long distance, while the quark
dynamics at short distance by the nonlinear structure of an
instanton. In this paper it is shown that the electromagnetic
transitions of the Roper resonance are well reproduced.
Combining the present results with the previous successes
in the mass and pion decay, we discuss that the holographic
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approach provides an effective method for hadrons that
incorporates important features of low energy QCD.

The Sakai-Sugimoto model (SS model) realizes sponta-
neous breaking of chiral symmetry in terms of brane
dynamics and has been very successful in explaining light
flavor hadron physics [16,17]. The action in the SS model
is composed of the Yang-Mills term Syy; and the Chern-
Simons term Scg,

S = Sym + Scs (1)

where

1
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Here, N .. is the number of colors, A the t Hooft coupling and
the indices u, v = 0, 1, 2, 3 are for the 4-dimensional space-
time. The curvatures along the extra dimension z are derived
from the D4-D8 brane construction to a(z) = (1 + z2)~'/3
and k(z) = 1 + z2. The 1-form A = A,dx* 4+ A,dx* con-
sists of the flavor SU(2) part A, and the U(1) part Aa with
a=0,1,2,3,z, and the field strength is F,5 = 0,.A; —
dp A, + i[ Ay Ag] with (=, +, 4, +,+) convention. The
Chern-Simons 5-form is given by ws (A) =tr(AF?>—i A3 F/
2—A°/10). This term plays an important role in reproducing
the chiral anomaly. The hadron effective model in 4 + 1
dimension corresponds to the holographic dual of massless
QCD, and the gauge field A, derived from the open string
with both ends on the D8 brane is identified by mode
expansion with an infinite number of vector/axial vector

mesons, including pions.
The dynamics of the baryons are dominated by the
collective motion of the instanton [1], which looks quite
|

2na 1
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Here, a is the fine structure constant, Q the four-
momentum transfer of the photon, and the 3-momentum
k of the photon is assumed to be directed along the x? axis
in the N* rest frame. Due to the energy conservation law,
we have the following equation, k* = Q? + (Q? + m3—
mj%)2 / 4mj2,. In the case of real photons, i.e., Q> = 0, we find

different from the quark model where the baryons are
described by the single particle motions of the quarks.
Notably, in the SS model, the masses of the Roper resonances
and the negative parity state are degenerate. This feature is
originated from the collective motion of the baryons, and it is
suggested that the SS model captures the features of the
baryon spectrum better than the quark model.

Motivated by this fact, we have studied the decay width
of one pion emission in the SS model and obtained
encouraging results [18]. This success is due to the fact
that, in contrast to the quark model, the decay width is
proportional to nonvanishing matrix element as follows,

(wn Fp, )7 e Tl (Fip, ), (3)

where p is the collective coordinate corresponding to the
size of the instanton. The presence of p> evades the
forbidden nature of the leading contribution in the non-
relativistic quark model. This is analogous to the effect of
relativistic corrections in the quark model.

Electromagnetic excitations of nucleon resonances have
long been studied experimentally and theoretically as an
important source of information for understanding QCD.
Helicity amplitudes extracted from experiments distinguish
competing models and provide important features for
understanding QCD. In earlier years, experimental data
were not sufficiently precise and the number of data points
were not enough [19]. However in recent years, mainly
with the advent of the Continuous Electron Beam
Accelerator Facility (CEBAF) at the Thomas Jefferson
National Accelerator Facility (JLab), a large amount of
precise data has been obtained [20-24]. Motivated by this,
several theoretical studies have also been carried out.

The helicity amplitudes are defined by the electromag-
netic current, jb, [25],
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that |k| becomes K = (m7 —mz)/(2my). The photon
polarization vectors are defined by

o -

(~ Ik

,0,0,ky) (longitudinal mode) (6)

Q=
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1
e,(f) =—(0,1,4i,0) (transverse mode).  (7)

V2

Therefore, to calculate this helicity amplitude, we prepare
the wave function and electromagnetic current in the
SS model.

The classical solution for a four-dimensional gauge field
theory is known as the instanton solution, which is usually
scale-invariant. In the present case, the extra dimension,
labeled by z, is curved, which makes the instanton solution
shrink. However, by the repulsive nature of the U(1) term
coupled with the Chern-Simons term, the classical solution
of this action, the instanton solution, is stabilized. An
analytic solution for such a system in a curved space is not
known. However, since the size of the instanton is found to
be proportional to A~!/2 in this model, the effect of this
curvature is small in the large A limit. Therefore, the
Belavin, Polyakov, Schwartz, and Tyupkin (BPST) instan-
ton solution [26] is used as an approximate solution of the
SS action [1]. Therefore, for M = 1,2,3,z and Pauli
matrices .

ASl(x.2) = —if (£)goyg™".

jo_ L1
Mg [l (52+p2>2}’ ®

where ¢(x,z) =[(z—Z2)—i(x - X)-7]/& with (X,Z)
and p the location and size of the instanton, respectively.
The profile function f(&) is given by f(&) = /(& + p?)
with & = /(x = X)2 + (z - Z)%.

In order to obtain the baryon wave function, we need to
quantize the classical instanton solution [ 1]. For this purpose,
we first consider the motion of the instanton in the moduli
space and make the collective coordinates time-dependent.
Next, we consider a dynamical system in which the collective
coordinates of the instanton are the dynamical variables, and
perform the quantization. The relevant time dependent
dynamical variables in the moduli space are, X (1), Z(¢),
p(t) and the SU(2) orientation V (¢, xM;a(t)) with V(z —
+o00) — a(r) related to the rotational variable a(r) =
ay(t) + ia, (1) inthe isospin and spin space. We implement
the time dependent collective coordinates in the gauge field
as Ay (1, xV) = VASH(xN; XN, p)V=! — iV, V=L, By sub-
stituting this gauge field for the action (2), integrating over
the space of (x*,z), and quantizing these collective coor-
dinates, we obtain the baryon wave functions

A =0, (8)

My >

wy o« ePXyN o (p)e V5 (a) + iay),
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where

- 2e Moo
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for the spin up proton (/5 = 1/2, s3 = 1/2) with M, = 87’k
and a finite momentum p. Here, baryon states are labeled by
their momentum p and quantum numbers ([, I3, s3,1,, n,),
where /2 is the equal isospin and spin values; I, s5 are the
third components of the isospin and spin; and n,, n_ are
the quantum numbers for oscillations along the radial and
z-directions. The Roper resonance is the first radial excited
state, (1,15, s3,n,,n,) = (1,1/2,1/2,1,0).

The electromagnetic current is defined as the Noether
current of chiral symmetry as follows. Chiral transforma-
tion (g, gr) € U(Ny); x U(Ny)g is realized by the flavor
SU(N/) gauge transformation, Ay — gAyg™" —igdyg™
with g(x*,z) = gr/r (z = £o0) and g(x*,z) € SU(Ny)
and constants (g, gg)-

The infinitesimal local gauge transformation of this
gauge symmetry 5:Ay (¥, z2) = e(x*, 2)Dy{(x*, z), leads
to the following five-dimensional Noether current,

J? = J¥M§ + Jgsgv
Jyme (X, 2) = =2xtr(h(2) F*D,¢ + k(z) F**D.L),
Foae(x.2) = ~26k()e(F4DL),

N,
Jé/[sg(x-z) = _WeMNPQRU({fNnyQR}g), (13)
where {(x*,z) is a u(Ny) Lie algebra. Since the chiral
symmetry of the SS model is related to the SU(N /) gauge
transformation, we define the chiral current as follows [3]:

7o = [T azstinz) (14)

[Se]

Here, to satisfy the 4-dimensional current conservation
law, we impose the following boundary condition,
Jé(x,z — +00) =0. With C=0, 1, 2, 3 and

(z = Foo)

ot o) (15)

I 1 1
= —+ —arct
wi(z) 5+ arctanz — {0
we employ {(x,z) = w.(2)t¢c with 1 = (I,/2,7/2), then
the expression of the current (14) leads to left/right current
7 / #(x). Therefore, by substituting (8) and (9) for (14), the
electromagnetic current j4, = = + j5“=° /N, with the
vector current ji2¢ = € 4+ € are given by

X = — —_—
Jem 4r (P2 + p2)32 7 T 6n (2 + p?)72

(6
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FIG. 1. The transverse helicity amplitude A;;, in units of

1073 GeV~/2 as function of the four-momentum transfer Q2.
The red line is result of the present study, and the sources of
experimental data are shown in the panel [20-24].
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where y¢ = —2itr(t“a~'a) and I, is isospin operator
1, = 8x°kp’tr(iaa="t,) (i,a=1,2,3).

Although this current is not gauge invariant, the validity
of the results of our calculations are supported by the facts
that the currents reduce to the chiral current of the Skyrme
model in low energy limit and reproduce various static
properties of nucleon [3].

This completes the preparation for calculating the
helicity amplitude of the electromagnetic transition.

There are two parameters in this model, Kaluza-Klein
Mass M g and k, which we determine according to Ref. [3]
as follows. For M g, we determine it to reproduce the N-A
mass difference, (1232 —939) MeV. The currents used in
this paper are derived by taking into account the leading
order of 1/A.

Therefore, in the Ref. [3], they identify the nucleon mass
with the leading term 87’k of the mass formula. The
parameter « is then determined to reproduce the mass of the
nucleon 939 MeV at the classical level. As a consequence,
the two parameters are M gx = 488 MeV and x = 0.0243.
However, in this paper, we choose a slightly smaller kappa
value of 0.0225 to take into account the rotation energy for
the mass of the nucleon.

With electromagnetic currents (16) and (17), the helicity
amplitudes from the nucleon to the Roper resonance (4) and
(5) are obtained by using the wave functions (11), (12). The
results are shown in Figs. 1 and 2 as functions of Q2. It can
be seen that the helicity amplitudes obtained from our
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FIG. 2. The longitudinal helicity amplitude S/, in units of
1073 GeV~'/2. The same conventions are used as in Fig. 1.

model with least parameters achieves global agreement
with experimental data. The results have some remarkable
properties, as follows.

First, we note that our A/, at the photon point 0’=0
takes a finite negative value. The nonrelativistic quark
model fails to explain this property because of the ortho-
gonality of the radial wave functions of the Roper reso-
nance and the ground state nucleon. Several theoretical
studies have been done to solve this problem, and it has
been argued that relativistic corrections and the effect of the
meson cloud are important [10,11]. In the present approach,
when the current is expanded in powers of p, the leading
term starts at the order p?. The matrix element survives
because of the p? term. This is the unique feature of the
solitonic description of baryons where the collective
dynamics of the meson field plays an important role.

Second, the experimental data for A, , flips its sign at
around Q% = 0.5 GeV?.

Our result captures this behavior qualitatively well at
around Q% ~ 0.7 GeV2.

However, our model calculation underestimates the
experimental data of A; , at 0> > 1 GeV?. This is because
our results are calculated up to order 1/A. The first term in
(17) is the order of 4, and the second term is the order of
1/A. Moreover, the model by meson fields should be
applied to the low energy region Q%> <1 GeV2.

Third, our prediction reproduces qualitatively well the
experimental data for S/, but with some overestimate.

In the calculation of §;/,, we can use only the time
component of the current (16) because of the current
conservation law. We consider that the reason that our
prediction of S;/,, with sufficient strength is that it is
dictated by the conserved charge [ &xj, =15 + %

Finally, we emphasize that there are only two parameters
in this model, x and Mgg. We have determined these
parameters from the masses of the nucleon and the delta.
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With a similar set of parameters, static properties of nucleons
have been studied with good agreement with experimental
data [3]. It is emphasized that by tuning only two parameters
the present approach explains well not only static properties
but also the dynamical properties of baryons.
Furthermore, we expect that the present results can be
further improved by adding corrections to the black brane
of the SS model, The curvature of the SS model is known to
determine the coupling of mesons and nucleons when
projected to 4-dimensions, In order to explain the excited
states of nucleons and their transition processes, including
the Roper resonance, it is known that it is important to
describe them in terms of resonate states considering the
continuum states of hadrons [11]. They confirmed that the
mass and decay width of the Roper resonance can be
reproduced by strengthening the coupling between the
meson and the nucleon. As noted above, in the SS model,

this corresponds to tuning the curvature. In fact, the masses
of the Roper and negative parity resonance are degenerate.
Although this property captures the experimental facts
better than the quark model, it does not completely explain
the mass spectrum of these resonances. Therefore, further
improvement of the curvature of the SS model should be
attempted. It is hoped that this will result in an improve-
ment the present calculations.

In the present analysis, the Roper resonance has been
described as radial density modulation. Hence the results
provide information on the stiffness or compressibility of
hadronic matter, which is an essential input for the study of
high density matter.
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